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01energy sources. Furthermore, there are increasing demands to
reduce the global warming and ozone depletion processes re-
lated to the use of fossil fuel [1]. Moreover, oil reserves are
depleting worldwide, while the demand on energy is increasing
in large scales [2]. Therefore, it becomes a necessity to replace
traditional fuels with new energy sources that depend on non-
conventional fuels. Hydrogen is a good candidate to substitute
conventional fuels by employing fuel cells to produce electric-
ity from hydrogen with high efﬁciency and considerably lower
environmental impact. A fuel cell system is characterized by
low emission of nitrogen oxide and sulfur oxide, high genera-
tion efﬁciency, very low noise, fuel ﬂexibility, and possibility of
cogeneration [3].
Fuel cells are devices that utilize electrochemical processes
to convert fuel into electrical energy, which can be used forin Shams University.
Nomenclature
Symbol description
A Tafel slope
CB bulk concentration
Etheor reference potential (V)
Elosses loss voltage (V)
Eotheor ideal standard potential at 298 K (V)
h planck constant (J s)
ifc fuel cell current (A)
K Boltzmann constant (J/K)
n number of electrons participating in the reaction
Pfuel absolute supply pressure of fuel (atm)
PO2 oxygen partial pressure inside the stack
UfH2 rate of conversion (utilization) of hydrogen (%)
Vlpm(air) air ﬂow rate (l/min)
Vcell cell voltage (V)
Vconc concentration voltage (V)
Vout output voltage of fuel cell stack (V)
x% percentage of hydrogen in the fuel (%)
z cell number of moving electrons
DG change in Gibbs free energy (J/mole)
DH enthalpy change
CS surface concentration
E ideal fuel cell potential (V)
Eotheor:actual actual theoretical voltage (V)
En nernst voltage (V)
F faraday constant (coulombs/mole)
io exchange current (A)
Ilimit limitation current (A)
Kr modeling constant
Pair absolute supply pressure of air (atm)
PH2 partial pressure of hydrogen inside the stack
R gas constant (J/mol K)
UfO2 rate of conversion (utilization) of oxygen (%)
Vlpm(fuel) fuel ﬂow rate (l/min)
Vact activation voltage (V)
Vohm ohmic voltage (V)
Wel maximum electrical work of fuel cell (J)
y% percentage of oxygen in the air (%)
a charge transfer coefﬁcient
DG0 gibbs free energy change of reaction at standard
conditions
DS entropy change
76 A.A. Abd El Monem et al.vehicles applications, portable-power applications, and sta-
tionary power generation [4]. Fuel cells are preferred compared
to batteries and conventional heat engines. Fuel cells convert
fuel into electrical power without storage devices within its
structure, unlike batteries, which store energy. The operation
of fuel cells is thus restricted only by the existence of fuel
and it is capable of generating power as long as fuel is supplied
[5]. On the other hand, battery operation depends on its size
and stored energy [5]. Moreover, the absence of intermediate
conversion compared to mechanical and combustion processes
gives many advantages to fuel cell technology [6]. Fuel cell
vehicles are now spreading all over the world in real utiliza-
tions not only as research or prototypes models [6].
There are many types of fuel cells that are generally deﬁned
according to their electrolyte [7]. Alkaline fuel cell (AFC) has
an electrolyte of a liquid solution of potassium hydroxide [8].
AFCs cannot use normal outside air to extract the required
oxygen since they are very intolerant of carbon dioxide. In
addition, they use a corrosive electrolyte, which erodes its parts
and contributes to shorten its operating life [8]. Phosphoric
acid fuel cells (PAFCs) utilize a liquid phosphoric acid as an
electrolyte. The high operating temperature requires a warm-
up period and the relatively low current and power densities
increase its overall size [8].
Solid oxide fuel cells (SOFC) are high temperature units
that use an electrolyte of solid ceramic materials. The high
operating temperature causes a high efﬁciency but speeds up
the breakdown of cell components [8]. Molten carbonate fuel
cells (MCFCs) operate at high temperature and thus they re-
quire large start-up time. The main application of these units
is high-rating power generation. Recently, membraneless fuel
cells showed many advantages that make them promising units
[9]. The elimination of membrane reduces the cost and simpli-
ﬁes the structure. This structure, however, weakens the func-tion of separating the two streams [9]. It is also not ensured
that the unwanted mixing with impact of diffusional or con-
vectional interfacial transport is prevented [9].
The polymer electrolyte membrane fuel cell ‘‘proton ex-
change membrane’’ (PEMFC) employs a solid polymer as
the electrolyte. The main advantages of the PEMFC are its
high power density, long life, lower corrosion, and lower oper-
ating temperature in addition to the use of a solid electrolyte.
Thus, PEMFC has a quick start and compact size, which are
very important for vehicle applications [1,2,7,9,10]. In addi-
tion, PEMFCs operate at low temperatures (50–100 C), which
allows for fast start-up. This characteristics make PEMFCs a
strong candidate in transportation activities that require rapid
start-up and fast dynamic response over transient times (start,
stop, acceleration and deceleration) [3,4].
For real utilization of fuel cells for vehicle applications,
many features should be considered, such as performance, reli-
ability, durability, cost, and fuel availability. Since FC systems
are large, complex and expensive, it becomes a must to have
accurate models prior going through the process of design
and building new prototypes. Also, system behavior has to
be analyzed at the design stage under different operating con-
ditions to ensure its suitability for the application. In addition,
the effect of different operating parameters on the performance
has to be investigated.
Several mathematical models of PEM fuel cells have been
presented [2,10,11–13]. The majority of them succeeded to sim-
ulate the steady-state behavior [10,11], while in practical appli-
cations, the fuel cell output power undergoes large variations
especially during acceleration and deceleration. During such
processes, simple and steady-state models will not be enough
to represent the transient dynamics and therefore the analysis
under dynamic conditions cannot be carried out. Some dy-
namic models [2,12] are characterized by their high complexity
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namic models reported in [12,13] did not take the double layer
charging effect into account. The regions, where mass transfer
limitations occur, have not been considered in the dynamic
models presented in [13]. The effect of varying the process vari-
ables did not included in the investigations reported in [11–13].
This paper introduces a study of the effect of varying pro-
cess variables on the performance of the fuel cell. A simpliﬁed
and accurate mathematical model of PEM fuel cell system is
used to accomplish this study. Both the double layer charging
effect and the thermodynamic characteristic inside the fuel cell
are included in the model. The model is implemented using
MATLAB/SIMULINK package. The simulation results are
validated by comparing them with datasheet data and curves
provided by the manufacturer [14]. This model will be useful
for the optimal design and real-time control of PEM fuel cell
systems.2. Dynamic modeling of PEMFCS
A simpliﬁed dynamic model of PEMFC, based on physical–
chemical knowledge of the phenomena occurring inside the
unit, is presented in this section. To simplify the analysis, the
following assumptions are made [15].
(1) One-dimensional treatment is supposed, i.e., all quanti-
ties vary only in the direction orthogonal to anode and
cathode surfaces.
(2) The gases are ideal and uniformly distributed.
(3) The pressures in the fuel cell gas ﬂow channels are
constant.
(4) Humidiﬁed hydrogen and air are used as fuel and oxi-
dant, respectively.
(5) The operating stack temperature is 100 C, and the reac-
tion product at the cathode is in a liquid phase.
(6) Thermodynamic properties are evaluated at an average
stack temperature of 100 C, temperature variations
across the stack are neglected, and the overall speciﬁc
heat capacity of the stack is assumed to be constant
(7) Parameters for individual cells can be lumped together
to represent the stack.
For understanding the operation of fuel cells, the ideal per-
formance is ﬁrstly deﬁned. Then, losses arising from non-ideal
behavior can be estimated and then deducted from the ideal
performance to investigate the actual operation.
2.1. The gibbs free energy and nernst potential
When the fuel cell operates at constant temperature and pres-
sure, the maximum electrical work (Wel) that can be obtained
is given by the change in Gibbs free energy (DG) of the electro-
chemical reaction [16,12,13].
Wel ¼ DG ¼ nFEtheor ð1Þ
where ‘‘n’’ is the number of electrons participating in the reac-
tion, ‘‘F’’ is the Faraday constant (96,485 coulombs per mol),
and ‘‘Etheor’’ is the reference potential (in volts).
The Gibbs free energy change is calculated as follows [6].
DG ¼ DH TDS ð2Þwhere ‘‘DH’’ is the enthalpy change and ‘‘DS’’ is the entropy
change.
‘‘DH’’ represents the total thermal energy, while the enthal-
py change minus the quantity ‘‘TDS’’ represents the available
free energy. ‘‘TDS’’ is the thermodynamic irreversible loss,
with ‘‘T’’ is the operating temperature in Kelvin. The electro-
chemical oxidation and reduction reactions in a hydrogen/oxy-
gen (H2/O2) fuel cell are given by following reactions:
Anode reaction : H2 ! 2Hþ þ 2e ð3Þ
Cathode reaction :
1
2
O2 þ 2Hþ þ 2e ! H2O ð4Þ
The overall reaction : H2 þ 1
2
O2 ! H2O ð5Þ
For every mole of hydrogen consumption, the cell consumes
0.5 mol of oxygen and produces one mole of water. In addi-
tion, two moles of electrons are produced. The Gibbs free en-
ergy change of reaction is given by the following equation
[16,13].
DG ¼ DG0  RT lnðPH2ÞðPO2Þ1=2 ð6Þ
where ‘‘DG0’’ is the Gibbs free energy change of reaction under
standard conditions (pressure = 1 atm and tempera-
ture = 298 K), ‘‘R’’ is the gas constant, 8.3145 J/(mol K),
‘‘PH2’’ is the partial pressure of hydrogen inside the stack,
and ‘‘PO2’’ is the partial pressure of oxygen inside the stack.
The theoretical potential ‘‘E0theor’’ for the H2=O2 cell reac-
tion is derived from the change in the Gibbs free energy
(DG0) as follows [6].
E0theor ¼ 
DG0
zF
 
ð7Þ
where ‘‘z’’ is the cell number of moving electrons, z= 2.
From Eqs. (1), (6), and (7), the general form of the Nernst
equation is obtained as follows [8,13].
En ¼ Etheor ¼ E0theor:actual þ
RT
zF
lnðPH2ÞðPO2Þ1=2 ð8Þ
where ‘‘E0theor:actual’’ is a function of temperature and can be ex-
pressed as:
E0theor:actual ¼ E0theor  KEðT 298Þ ð9Þ
where ‘‘KE’’ is the empirical constant for calculating E
0
theor:actual
(volt per Kelvin)
2.2. Ideal performance
In Eq. (8), Etheor gives the ideal open-circuit cell potential. This
potential deﬁnes the maximum performance that can be ob-
tained from a fuel cell. The Nernst equation is used to relate
the ideal standard potential (Eotheor) and the ideal equilibrium
potential (Etheor) at other partial pressures of reactants. Gener-
ally, the cell potential increases with the increase in partial
pressure (concentration) of reactants. Thus, the ideal potential
can be increased by increasing the reactant pressures at a given
temperature and hence higher pressures cause improvements in
fuel cell performance [17].
The ideal potential (Eotheor) at 298 K and with pure hydrogen
and oxygen is 1.229 V with liquid water product and 1.18 V
with gaseous water product. This value is sometimes referred
Figure 1 Ideal and actual voltage/current characteristic of PEM
fuel cell.
Figure 3 The block diagram of MATLAB/SIMULINK model
of PEMFCs.
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between the 2 V, i.e., 1.229 V and 1.18 V, is attributed to the
Gibbs free energy change of water vaporization under stan-
dard conditions [6].
The reactant concentrations affect open-circuit voltage of a
fuel cell, where maximum ideal potential takes place when the
reactants at the anode and cathode are pure. For fuel cells that
utilize air and/or impure dry hydrogen, the potential will be de-
creased. In addition, the decrease in reactants concentration at
the exit of the cell compared to that at the entrance causes a
Nernst correction that reduces the open-circuit voltage. To ob-
tain the best performance for low-temperature fuel cells, such
as PEMFC, a noble metal electro-catalyst, such as platinum
(Pt), has to be used [6,17].2.3. Actual performance
2.3.1. Polarization characteristics of PEMFC
The electrochemical process within fuel cells is associated with
many losses as shown in Fig. 1 [19]. The causes of losses are
activation polarization, ohmic polarization, and concentrationFigure 2 The general diagpolarization. Due to these losses, the cell voltage (V) is less
than the ideal value ‘‘E’’ as follows:
V ¼ E Elosses ð10Þ
The activation polarization loss is more signiﬁcant, compared
to other losses, at low currents, where there is a need to over-
come the electronic barriers before current and ion ﬂow. Oh-
mic polarization loss, on the other hand, is almost
proportional to current and thus it increases with the current
since cell resistance is almost constant. Finally, the gas trans-
port losses take place commonly at high limiting currents.
The reason is the difﬁculty of providing sufﬁcient reactants
ﬂow to the cell reaction sites. However, this kind of losses oc-
curs also over the entire range of current, but with lower effect
[19].
2.3.1.1. Activation loss. The main reason of activation loss is
the slowness of the reactions at the electrode surfaces. To forceram model of PEMFCs.
Table 1 Parameters of the fuel cell.
Type Net rated electrical peak power 7 kW (DC)
Performance Net rated electrical nominal power 5 kW (AC)
Output voltage 32–60 V (DC)
Operating current range 0–225 A (DC)
Eﬃciency – LHV 55% (stack) / 50% (system)
Time from 10% to full power Approx. 10 s
Expected life 20.000 h (stack)
Operational ambient temperature Up to 40 C
Fuel Supply pressure 0.5–5 bar
Stack operating pressure Ambient
Maximum Consumption 12.5 slpm/kW
Air delivery system Flow rate Max. 500 l/min
Supply pressure Ambient
Cooling system requirements Maximum ambient temperature 45 C
Cooling method Radiator fan
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Figure 4 Polarization curves of the fuel cell according to the
proposed model and the datasheet.
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portion of the potential is lost. The Tafel equation is com-
monly used to account for these losses [16]. Using this equa-
tion, a relation between the overvoltage at the electrode
surface and the natural logarithm of current density can be de-Figure 5 Power–current curves according to the model and
datasheet.rived. Thus, the activation voltage loss for the fuel cell can be
obtained as follows [8].
Vact ¼ A ln ifc ð11Þ
A ¼ RT
Z
aF ð12Þ
where ‘‘ifc’’ is the fuel cell current in Ampere, ‘‘A’’ is the Tafel
slope and ‘‘a’’ is the charge transfer coefﬁcient, which depends
on the type of electrodes and catalysts used. If it is required to
investigate the performance at low currents, the Bulter–Volmer
equation can be used instead of the Tafel equation since it is
more accurate, while the Tafel equation can be invalid for very
low currents.2.3.1.2. Ohmic loss. The ohmic resistance of a PEM fuel cell
consists of three terms: the resistance of polymer membrane,
the contact resistance between the membrane and electrodes,
and that of electrodes. The total ohmic voltage drop can be ex-
pressed as follows [8].
Vohm ¼ Vohm;a þ Vohm;membrane þ Vohm;c ¼ IfcRohm ð13Þ2.3.1.3. Concentration loss. As a result of mass diffusions from
the ﬂow channels to the reaction sites, concentration gradients
can be formed during the reaction process. The reason of con-
centration voltage drop at high current densities is the slow
transportation of reactants to the reaction sites. The concen-
tration over potential can be written as [8].
Vconc ¼ RT
zF
ln
CS
CB
ð14Þ
where ‘‘CS’’ and ‘‘CB’’ are the surface and bulk concentrations,
respectively.
The above equation can be rewritten as [8].
Vconc ¼ RT
zF
ln 1 Ifc
Ilimit
 
ð15Þ
where ‘‘Ilim-it’’ is the limitation current (A).
Finally, the equivalent concentration resistance is:
Figure 8 Effect of fuel ﬂow rate on fuel cell performance.
Figure 7 Effect of fuel pressure on fuel cell performance.
Figure 6 Effect of temperature change on fuel cell performance.
80 A.A. Abd El Monem et al.Rconc ¼ Vconc
Ifc
¼  RT
zFIfc
ln 1 Ifc
Ilimit
 
ð16Þ2.3.2. Dynamics of PEMFC
2.3.2.1. Double layer charging effect. Any collection of charges,
e.g., hydrogen ions (in the electrolyte) and electrons (in the
electrodes) will generate an electrical voltage. When this layer
of charges is formed at the surface of electrode and electrolyte,
it will represent a store of electrical charges similar to a capac-
itor. With the current changes, the charge will change during acertain time and hence the voltage will not immediately follow
the current changes unlike the ohmic voltage drop. This results
in an instant voltage change after any current change owing to
the internal resistance and then the voltage changes gradually
to its ﬁnal value. Considering the effect of the double layer
while building the PEMFC dynamic model will give the model
more accuracy when describing the dynamic performance.
Thus, it is quite reasonable to use a capacitor to model the
capacitance effect resulting from the charge double layer [15].
2.3.2.2. Flow rate and thermodynamics characteristics. There
are delays between the change in the load current and ﬂow
rates of fuel and air, which is represented in this model by
using an inductance [19,20]. The series inductor is inserted to
take into account the time constant associated with the cur-
rent. When load varies while the input fuel is maintained con-
stant, the current will not change immediately; rather, it will
take a certain time delay [19,20]. Without this inductor, the
current from the model will change instantaneously. Another
delay is used to represent the thermodynamic time constant in-
side the fuel cell. Thus, the fuel and oxidant ﬂow delays, the
thermodynamic characteristics, and the double layer effects
will dominate the transient responses of the fuel cell model.
The time constants in the model are deﬁned according to the
actual delay action recorded by the datasheet curves. More de-
tails about the dynamic model of the PEMFC are given in [21].
2.3.3. Cell voltage
The open-circuit voltage can be calculated as follows [22,23].
Eoc ¼ NEn ð17Þ
where ‘‘Eoc’’ is actually the open-circuit voltage of the fuel cell.
However, under normal operating conditions, the fuel cell out-
put voltage is less than Eoc. Taking into consideration the acti-
vation loss, ohmic resistance voltage drop, and concentration
over potential, the cell voltage is given as [23].
Vcell ¼ EocðcellÞ  VactðcellÞ  VohmðcellÞ  VconcðcellÞ ð18Þ
To represent a fuel cell stack, the parameters of individual cell
are lumped and the output voltage of the fuel cell is obtained
as [8,16].
Vout ¼ NcellVcell ¼ Eoc  Vact  Vohm  Vconc ð19Þ2.3.4. Reactant utilization
Reactant utilization has a major impact on fuel cell perfor-
mance. A utilization factor ‘‘Uf’’ is deﬁned to represent the ra-
tio of the amount of hydrogen that reacts with the oxygen to
the amount of hydrogen entering the anode. The rate of con-
version (utilization) of hydrogen ‘‘UfH2’’ and oxygen ‘‘UfO2’’
are determined as follows [24].
UfH2 ¼ KrRTNifc
zFPfuelVlpmðfuelÞx%
; 0 6 UfH2 6 1; ð20Þ
UfO2 ¼ KrRTNifc
2z FPairVlpmðairÞy%
; 0 6 UfO2 6 1; ð21Þ
where ‘‘Kr’’ is the modeling constant, ‘‘N’’ is the number of
cells in the stack, ‘‘Pfuel’’ is the absolute supply pressure of fuel
(atm), ‘‘Vlpm(fuel)’’ is the fuel ﬂow rate (l/min), ‘‘x%’’ is the per-
centage of hydrogen in the fuel (%), ‘‘Pair ’’ is the absolute sup-
Figure 9 Effect of air pressure on fuel cell performance.
Figure 10 Effect of air ﬂow rate on fuel cell performance.
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(l/min), and ‘‘y%’’ is the percentage oxygen in the air (%).
The partial pressures PH2 and PO2 are determined as follows
[24].
PH2 ¼ PFuelx%ð1UfH2Þ ð22Þ
PO2 ¼ PAiry%ð1UfO2Þ ð23Þ
The exchange current is given as follows [25,26].
io ¼ zFkðPH2 þ PO2Þ
Rh
e
DG
RT ð24ÞTable 2 Effect of different operating parameters on fuel cell perfor
Operating parameter Change Change in
Temperature 332–342 K 0.61% res
Fuel pressure 1.4–3 bar 18.2% res
Fuel ﬂow rate 100–400 lpm 33.3% res
Air pressure 0.6–1.2 bar 19% resul
Air ﬂow rate 300–700 lpm 23% resulwhere ‘‘K’’ is the Boltzmann constant, 1:38 1023 J/K and
‘‘h’’ is the Planck constant, 6:626 1034 J s
The complete model of the fuel cell is built based on the
abovementioned equations as shown in Fig. 2. The ﬁgure indi-
cates the logical connections of the different blocks and shows
the different inputs and outputs. The model is simulated using
Matlab/Simulink using the available data sheet of NedStack
PS6 fuel cell, 6 kW [14]. For electric vehicle applications, the
fuel cell model should be rescaled to be suitable for the electric
vehicle power demand. Fig. 3 shows the block diagram of Mat-
lab/Simulink model, which has been developed for the PEM-
FC and Table 1 summarizes the data and operating
parameters of the simulated fuel cell.3. Model validation
3.1. Comparing simulation results and datasheet data and curves
The results for base case operating conditions were veriﬁed by
comparing them with datasheet data and curves provided by
the manufacturer [14]. The comparison is given in Fig. 4.
The polarization curve of the cell potential versus cell current
for the model is in a good agreement with the datasheet polar-
ization curve in the middle load region. However, there are
minor differences between the model and datasheet data and
curves in low load region and mass transport limitation region.
The difference in the low load region or the activation region is
due to the estimation of some parameters affecting the activa-
tion regions, which are not available in the datasheet. For the
difference in the mass transport limitation region, the curve
obtained from the model is shifted upward compared to data-
sheet data and curves. This difference is acceptable taking into
account neglecting some physical process such as water ﬂood-
ing at the cathode and anode drying.
Secondly, the model and datasheet power curves are com-
pared,which is shown inFig. 5. Similar to the polarization curve,
the model power curve is very close to the datasheet curve in the
load region below the mass transport region. At high loading
condition, the predicted values are slightly higher than the data-
sheet values for the same abovementioned reasons. From these
comparisons, it is clear that the developedmodel has ahigh accu-
racy for steady-state behavior and can be used to simulate the
performance of the fuel cell unit in this mode.
3.2. Parametric study
The proposed model can be used for studying the effects of dif-
ferent operating parameters on fuel cell performance. The per-
formance characteristics of the fuel cell based on a certainmance.
the polarization curve Normalized percentage change
in the polarization curve
(for 10% parameter change)
ults in 1.4% 11.71
ults in 0.5% 0.275
ults in 0.61% 0.183
ts in 0.11% 0.058
ts in 0.07% 0.0304
Figure 11 Effect of process parameters on the output voltage.
Figure 12 Effect of double layer charging.
82 A.A. Abd El Monem et al.parameter can be obtained by varying that parameter, while all
other parameters are kept constant. Results obtained from
these studies will allow identifying the critical parameters for
fuel cell performance as well as the sensitivity of the model
to these parameters. The fuel cell performance at various oper-
ating conditions is studied according to the polarization and
voltage curves. Operating parameters are set during the oper-
ation of the fuel cell to give the desired output for a given
application. The most important operating parameters are
the following: temperature, pressure, and ﬂow rates. The ef-
fects of these parameters on fuel cell performance are discussed
in the following sections.
3.2.1. Effect of process parameters on the polarization
characteristics
3.2.1.1. Effect of temperature. Temperature variations affect all
transport phenomena and electrochemical kinetics inside the
fuel cell. In this study, the temperature is varied from 332 K
to 342 K, where the polarization curve is shown in Fig. 6.
The polarization curves of the cell at different operating tem-
peratures show that the fuel cell performance is improved with
increasing temperature. This is in agreement with experimental
parametric study, which indicated that the polarization curves
of the fuel cell at different operating temperatures showed im-
proved performance with increasing temperatures [27]. Gener-
ally, the performance is better in all regions along the
polarization curve.
From the results, a 0.6% increase in the temperature results
in 1.4% average increase in the voltage at the same current and
a 1.18% decrease in the temperature results in 0.8% average
decrease in the voltage at the same current. This represents a
signiﬁcant effect on the performance. Therefore, the operating
temperature is an important design factor that affects the per-
formance of fuel cells.
3.2.1.2. Effect of fuel pressure. Fuel pressure is another operat-
ing parameter that can affect fuel cell performance. To evalu-
ate this effect, fuel pressure is varied from 1.4 bar to 3 bar and
the fuel cell performance is studied as shown in Fig. 7. Gener-
ally, the increase in the pressure increases the cell potential at
the same current, i.e., shifts the curve up. From the results, an
18.2% increase in the fuel pressure results in 0.5% average in-
crease in the voltage at the same current. The performancegain is lower in the region from 2.2 bar to 3 bar (0.375%) com-
pared with the region from 1.4 bar to 2.2 bar (0.66%). It is
notable that the direct effect of pressure is not similar to the
temperature since it results in a minor change in the
performance.
3.2.1.3. Effect of fuel ﬂow rate. Fuel ﬂow rate can also affect
the fuel cell performance. The effect of changing the fuel ﬂow
rate from 100 lpm to 400 lpm is shown in Fig. 8, where the fuel
cell performance is slightly changed. From the results, a 33.3%
increase in the fuel ﬂow rate results in 0.61% average increase
in the voltage at the same current.
3.2.1.4. Effect of air pressure. Air pressure affects the perfor-
mance of the fuel cell, but the inﬂuence is insigniﬁcant. How-
ever, it is important to deﬁne the degree to which it can
affect the cell operation. The performance of the fuel cell is
studied under different air pressures, and some results are illus-
trated in Fig. 9. The air pressure is varied from 0.6 bar to
1.2 bar, which shifts the performance curve of the fuel cell up-
ward. From the results, a 19% increase in the air pressure re-
sults in 0.11% average increase in the voltage at the same
current.
3.2.1.5. Effect of air ﬂow rate. The performance of the fuel cell
is also affected by air ﬂow rate. To study this effect, air ﬂow
rate is varied from 300 lpm to 700 lpm and the fuel cell perfor-
mance is investigated as shown in Fig. 10. From the results, a
23.5% increase in the air ﬂow rate results in 0.07% average in-
crease in the voltage at the same current, which represents a
minor inﬂuence.
The effect of different operating parameters on the fuel cell
performance is summarized in Table 2.
3.2.2. Effect of process parameters on the PEMFC output
voltage
To study the effect of different process parameters on the out-
put voltage of PEMFC, a step change is applied for each of the
process parameters (temperature, fuel pressure, fuel ﬂow rate,
air pressure, and air ﬂow rate). The value of each step change is
10% of the initial value of each process parameter. Only a step
change of 1% is applied for temperature because of its large
inﬂuence on the voltage. Fig. 11 shows the fuel cell output volt-
age after applying sequential step changes in process parame-
ters. Varying these parameters requires certain time to
appear in the output voltage as a result of both double layer
capacitance and the thermodynamic time constant inside the
Figure 13 PEMFC output voltage with and without PI
controller.
Effect of process parameters on the dynamic behavior of polymer electrolyte membrane fuel cells for electric 83fuel cell. The curve conﬁrms the results shown in Table 2
regarding the effect weight of different process parameters.
To evaluate the effect of the double layer charging, Fig. 12
shows a comparison between the fuel cell model with and with-
out double layer charging effect. Two sequential disturbances
are applied, where the ﬁrst is a step load increase after 6 s from
1950 W to 2250 W and the second is a step load decrease after
26 s from 2250 W to 1800 W. It is clear that the voltage with
double layer charging effect has more delay compared to the
model without double layer charging effect. This delay has
to be considered when dealing with the vehicle system.
4. Closed loop operation of PEMFC
From the previous results, it is clear that the fuel pressure and
fuel ﬂow rate are the most effective process parameters after
the temperature. In this model, the temperature will be kept
constant since it affects the life time of the unit. To design a
PI voltage controller, the two most effective process parame-
ters (fuel pressure and fuel ﬂow rate) are to be regulated. Since
the study aims at studying the effect of process parameters on
the dynamic behavior, it is important to study the effect of
varying some parameters on the performance. At this stage,
the controller is built to evaluate the effect of varying a certain
parameter on the output of the fuel cell since the model is not
completed, where the dc motor and the vehicle system are not
connected yet. Fig. 13 shows the output voltage without con-
troller and with PI controller. The PEMFC starts with
4000 W, and at time 7.5 s, an additional load of 1000 W is
added, which caused an instantaneous voltage decrease. The
load is modeled as a constant power load using the three-phase
load block that can be set by deﬁning the required power in the
SIMULINK. The reference voltage of the PI controller is
51.5 V, which is the nominal output voltage. The controller
succeeded to maintain the voltage at the desired value with
acceptable time delay and overshoots.
5. Conclusion
This paper describes a dynamic model of PEMFC, which can
be used in different dynamic studies especially in vehicle sys-
tems. The effects of different operating parameters on fuel cellperformance had been studied, where it is found that the tem-
perature has a great effect on the fuel cell performance. In
addition, fuel pressure and fuel ﬂow rate can affect the perfor-
mance but with lower degrees for the direct action. Air pres-
sure and air ﬂow rate have insigniﬁcant effect and cannot be
used to control the unit operation. This study enables the pre-
diction of PEMFC dynamic behavior under different operat-
ing conditions, which is considered as a foundation for
optimization and control development.
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